The role of the lysosomal proteases cathepsins B and L and the calcium-dependent cytosolic protease calpain in hypoxia-induced renal proximal tubular injury was investigated. As compared to normoxic tubules, cathepsin B and L activity, evaluated by the specific fluorescent substrate benzyloxycarbonyl-L-phenylalanyl-L-arginine-7-amido-4-methylcoumarin, was not increased in hypoxic tubules or the medium used for incubation of hypoxic tubules in spite of high lactate dehydrogenase (LDH) release into the medium during hypoxia. These data in rat proximal tubules suggest that cathepsins are not released from lysosomes and do not gain access to the medium during hypoxia. An assay for calpain activity in isolated proximal tubules using the fluorescent substrate N-succinyl-Leu-Tyr-7-amido-4-methylcoumarin was developed. The calcium ionophore ionomycin induced a dose-dependent increase in calpain activity. This increase in calpain activity occurred prior to cell membrane damage as assessed by LDH release. Tubular calpain activity increased signifi'cantly by 7.5 min of hypoxia, before there was significant LDH release, and further increased during 20 min of hypoxia. The cysteine protease inhibitor N-benzyloxycarbonyl-Val-Phe methyl ester (CBZ) markedly decreased LDH release after 20 min of hypoxia and completely prevented the increase in calpain activity during hypoxia. The increase in calpain activity during hypoxia and the inhibitor studies with CBZ therefore supported a role for calpain as a mediator of hypoxia-induced proximal tubular injury.
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The mechanisms responsible for hypoxia-induced tubular epithelial cell injury and death are controversial (1) . Intracellular calcium has been suggested to be important in mediation of this hypoxic injury in renal proximal tubules (2) . Our laboratory recently reported that cytosolic free Ca2+ [(Ca2+)i] is significantly increased by 2 min of hypoxia in proximal tubules, and that (Ca2+)i levels at 10 min of hypoxia correlated with subsequent damage at 20 min (3) . Thus, prompt increases in (Ca2+), may play an initiating role in hypoxic injury. This conclusion was supported by the protection afforded by prevention of the increase in (Ca2+), (3, 4) . The mechanisms whereby increases in (Ca2+), lead to cell membrane injury, however, remain to be defined. An increase in (Ca2+)i may activate calcium-dependent enzymes, which could provide a mechanism for cell injury. The increase in (Ca2+)i during hypoxia may activate phospholipase A2 and thus be partly responsible for phospholipid degradation in membranes observed during hypoxia (5) . Another potential mechanism for calcium-dependent cell injury is activation of the calciumdependent cytosolic protease calpain. In certain circumstances, proteases have been shown to play a role in cellular injury. For example, studies with cultured fibroblasts and the specific lysosomotropic detergent C12-imidazole demonstrated that cell killing can be caused by activation and/or release into the cytoplasm of cysteine proteases (6) . Studies of cysteine proteases and proximal renal tubular damage have been confined to cyclosporine. In cultured tubules. exposed acutely to cyclosporine, calpain activity increased, but cathepsin activity was not increased and lysosomes were intact; these results suggested that calpain but not cathepsins are involved in acute cyclosporine-induced renal tubular injury (7). Thus, using freshly isolated rat proximal tubules, the aims of the present study were to address the following questions:
(i) Do the lysosomal proteases (cathepsins) play a role in this hypoxic injury?
( (8, 9) , and hypoxia was created as described (10) .
Measurement of Lactate Dehydrogenase (LDH) Release and Protein. LDH release was measured to evaluate cell damage as described (9, 11) . The percentage of LDH released from tubules was calculated by determining the ratio of LDH in the supernatant compared to that in the lysed tubule pellet plus the supernate. Protein was measured by the Lowry method with bovine serum albumin used as the standard (12) . *To whom reprint requests should be addressed.
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Cathepsin Assay. The cathepsin assay used in this study is based on the assay for cathepsin B developed by Barret and Kirschke (13) and the assay developed by Olbricht et al. (14) for cathepsins B and L in isolated tubule segments. Z-PheArg-AMC was used as a specific substrate for cathepsins B and L (15) . Cathepsins B and L cleave the substrate and release AMC, which is highly fluorescent at 380-nm excitation and 460-nm emission.
The tubules were homogenized in a 10 mM phosphate buffer (pH 7.4) containing 10 mM Na2HPO4 and 10 mM NaH2PO4. The incubation solution contained 11.5 mM Na2HPO4, 55.2 mM KH2PO4, and 4 mM EDTA; it also contained 0.2% Triton X-100 and 0.05% bovine serum albumin. The pH of the incubation solution was 6.0. Cathepsins B and L have an optimum pH for proteolytic activity of 5.5-6.0. They are irreversibly inactivated at pH > 7 (13 Al of the incubation solution. After 10 min of preincubation in a shaking water bath at 370C, 50 ,u1 of the substrate was added.
The incubation was continued for a further 30 min at 37°C in a shaking water bath. At the end of the incubation period, 2 ml of the stop solution was added to stop the enzyme reaction. Fluorescence at 380-nm excitation and 460-nm emission was determined with a Hitachi F2000 spectrophotometer. An AMC standard curve was determined for each experiment. Activity of cathepsins B and L in the tubules was expressed in nmol of AMC released per min of incubation time per mg of tubule protein.
Calpain Assay. The calpain assay used in this study is based on that described by Sasaki et al. (16) for purified porcine kidney calpain. N-Succinyl-Leu-Tyr-AMC was used as a susceptible substrate for calpain (16) . A stock solution of 25 mg/ml was prepared in DMSO and was stored at -20°C.
The imidazole-HCl buffer used contained 63.2 mM imidazole and 10 mM 2-mercaptoethanol (pH 7.3). After exposure to normoxia, ionomycin, or hypoxia, the tubule pellet was separated from a 2-ml tubule suspension by centrifugation. The tubule pellet was immediately resuspended in a calciumfree imidazole-HCl buffer containing in addition 1 mM EDTA and 10 mM EGTA (pH 7.3). The suspension was then incubated with digitonin (10 AM) at 37°C in a shaking water bath for 5 min. Digitonin (10 ,uM) selectively permeabilizes the plasma membrane but does not destroy lysosomal or mitochondrial membranes of hepatocytes (17) or mitochondrial membranes of rat proximal tubules (9) . In separate experiments, using the lysosomal dye Lucifer yellow and a video imaging microscope previously described (3), our laboratory has confirmed that 10 ,tM digitonin selectively permeabilizes the plasma membrane of isolated rat proximal tubules without affecting the lysosomal membrane. Thus, 10 ,uM digitonin releases cytosolic enzymes, including calpain, while keeping the lysosomal membrane intact.
After incubation with digitonin, the tubule pellet and supematant containing released cytosolic calpain were again separated by centrifugation. The calpain assay was then performed on this supernatant (cytosolic extract) as follows: 0.5 ml of supernatant was preincubated with imidazole buffer with or without 5 mM CaCl2 for 10 min at 37°C in a shaking water bath. After 10 min of preincubation, 10 ,ul of the substrate N-succinyl-Leu-Tyr-AMC was added. The total volume of the assay solution was made up to 2 ml with the imidazole buffer. Incubation was continued for a further 30 min at 37°C in the shaking water bath. In the assay performed without CaC12, the imidazole-HCl buffer containing 1 mM EDTA and 10 mM EGTA was used. After the 30-min incubation, fluorescence at 380-nm excitation and 460-nm emission was determined. Calpain activity was determined as the difference between the calcium-dependent fluorescence and the non-calcium-dependent fluorescence. An AMC standard curve was determined for each experiment. Calpain activity was expressed in pmol of AMC released per min of incubation time per mg of tubule protein.
The balpain substrate used in our assay, N-succinyl-LeuTyr-AMC, has been shown to be proteolyzed in vitro by the cathepsin papain (16) . Therefore, to ensure the calpain selectivity of our assay and exclude any possible effect of lysosomal leakage of cathepsins in our calpain assay, the following measures were taken: (i) digitonin, which releases cytoplasmic contents while keeping lysosomes intact, thus limiting release of lysosomal cathepsins, was used to lyse the cells; (ii) the assay was perfotmed at pH 7.3 at which cathepsins are known to be inactivated (13) ; and (iii) calpain activity was defined and calculated as calcium-dependent activity, thus excluding cathepsin activity, which is strictly calcium independent (13).
Cysteine Protease Inhibitor Studies. E-64-d, an oxirane inhibitor, and CBZ, a peptide aldehyde inhibitor, are chemically dissimilar, noncharged, membrane-permeable inhibitors of the cysteine proteases calpain and the cathepsins (18) . A stock solution of 100 mM E-64-d inhibitor in DMSO was used. The solution was stored at -20°C. A solution of 100 mM CBZ in DMSO and Pluronic F-127 (50 mg/ml) in DMSO was freshly prepared before use.
After the recovery period, the tubules were preincubated with the inhibitor for 10 min at 37°C in the shaking water bath.
Statistical Analysis. Normally distributed and nonnormally distributed data were analyzed by the paired Student t test and the Wilcoxon rank sum test, respectively. Multiple group comparisons were done by ANOVA with the posttest according to Newman-Keuls. A P value of <0.05 was considered statistically significant. Values are expressed as means ± SEM.
RESULTS
Cathepsin Activity After 15 and 25 min of Hypoxia. Tubule cathepsin activity was similar in both normoxic and hypoxic tubules (Fig. 1) . A very small amount of cathepsin activity was detected in the medium of normoxic and hypoxic tubules (Fig.  1) . If a leak of cathepsin activity from the damaged hypoxic tubules into the medium had occurred, one would have expected higher cathepsin activity in the medium of the hypoxic tubules and lower tubular cathepsin activity. Neither event was observed, despite high LDH release in hypoxia vs. normoxia at 15 mim: 33.9% ± 3% vs. 11.1% ± 0.9%, respectively (P < 0.0001; n = 8). Although cathepsin activity in the tubules after 25 min of normoxia or hypoxia was higher than at 15 mia, this difference was not statistically significant (NS).
Validation of Calpain (Calcium-Dependent Cytosolic Protease) Activity Assay. Calpain activity measured after 2 min of incubation with the calcium ionophore ionomycin increased in a dose-dependent fashion (Fig. 2) . In the same tubules, 2 min of preincubation with ionomycin did not damage the tubules compared to the control (Fig. 2) . The enzyme activity measured was calcium dependent (assay was done with and without calcium). mg of protein (P < 0.001; n = 6) (Fig. 3) . At 7.5 min of hypoxia, calpain activity was 19.7 ± 4.3, which was significantly increased compared to 14.4 ± 3.2 in normoxic controls (P < 0.04; n = 6). The increase in calpain activity at 7.5 min occurred before there was significant plasma membrane damage as assessed by LDH release (8.5% ± 0.9% in normoxic controls vs. 10.7% ± 0.8% after 7.5 min of hypoxia) (NS; n = 6). Cysteine Protease Inhibitor Studies with E-64-d. After the recovery period, the tubules were preincubated for 10 min with E-64-d (600 ,uM) at 37°C in a shaking water bath to allow the inhibitor to enter the tubule cell. The tubules preincubated with E-64-d showed a 99.7% suppression of calpain activity, from 23 ± 3 to 0.06 ± 0.003 pmol min-1 mg-1 after 15 min of hypoxia (n = 6; P < 0.01). However, this dose of E-64-d significantly damaged normoxic controls after 15 min: LDH release increased from 12.1 ± 0.9 in normoxic controls to 18.8 + 1.2 in normoxic controls preincubated with E-64-d (n = 6; P < 0.05). In spite of this effect, E-64-d still provided partial cytoprotection from hypoxic injury. E-64-d (600 ,M) reduced the LDH release after 15 min of hypoxia, from 43.8% ± 2.6% to 33% ± 2.2% (P < 0.01; n = 8). In separate experiments, E-64-d reduced the LDH release after 25 min of hypoxia from 61.7% ± 1.6% to 49% ± 3.7% (P < 0.01; n = 5), thus also partially protecting against 25 min of hypoxic injury.
CBZ Markedly Protects Against Hypoxia-Induced LDH Release. After the recovery period, the tubules were. preincubated for 10 min with CBZ (1 mM, 2 mM). CBZ induced a dose-dependent decrease in calpain activity (Fig. 4) . This was accompanied by dose-dependent protection against hypoxiainduced LDH release (Fig. 4) . CBZ (2 mM) completely inhibited the increase of calpain induced by hypoxia, reducing the calpain activity to the same as that in normoxic controls. This decrease in calpain was accompanied by a marked decrease in hypoxia-induced LDH release. This is compared to E-64-d, which completely inhibited all calpain activity in both controls and hypoxic tubules but also damaged normoxic controls. Compared to E-64-d, CBZ did not damage normoxic controls: LDH release was 14% ± 0.5% in normoxic controls compared to 14.3% 0.6% in normoxic controls preincubated with 1 mM CBZ (n = 5; NS) and 14.5% ± 0.8% in normoxic controls preincubated with 2 mM CBZ (n = 5; NS).
Calpain Activity in the Medium. Calpain activity measured in the medium and expressed as a percentage of tubular activity was negligible: 1.8% in normoxia, 0.35% after 20 min of hypoxia, 4% after treatment with 5 ,M ionomycin, and undetectable after preincubation with CBZ (2 mM).
CBZ Protects Against lonomycin-Induced Tubule Damage.
After the recovery period, normoxic tubules were incubated with 5 ,uM ionomycin for 5 min. LDH release was 8% ± 0.9% in normoxic controls, 18.5% ± 2.5% in ionomycin-treated tubules (n = 4; P < 0.001 vs. normoxic controls), and 13% ± 1% in ionomycin-treated tubules preincubated with 2 mM CBZ (n = 4; P < 0.01 vs. ionomycin alone). CBZ significantly decreased LDH release induced by ionomycin, thus indicating that ionomycin-induced tubular damage is also mediated in part by calpain.
Effect of E-64-d and CBZ on Tubular Cathepsin Activity. After the recovery period, the tubules were preincubated for 10 min with E-64-d (600 ,M) or CBZ (500 ,uM, 2 mM). The tubules preincubated with E-64-d showed a 100% suppression of cathepsin activity after 15 min of hypoxia. However, CBZ was a much less potent inhibitor of tubular cathepsin activity than E-64-d. Cathepsin activity after 15 min of hypoxia showed a 9% reduction from 123.8 ± 7.7 to 112.9 ± 7.2 pmolFmin-' * mg-1 by 500 ALM CBZ (n = 4; NS) and an 18% reduction to 101.4 ± 7.3 by 2 mM CBZ (n = 4; P < 0.01).
DISCUSSION
The rationale for studying calpain, a calcium-dependent cysteine protease, in hypoxic tubular injury is based on the following observations suggesting a role of calcium in mediating hypoxic injury: (i) hypoxic damage in rat proximal tubules is accompanied by an increased Ca21 influx from the medium into the cells (9); (ii) chemically dissimilar calcium channel blockers decrease the rate of Ca2+ influx and damage after 10 min of hypoxia (9); (iii) in primary cultures of anoxic rabbit renal tubules, calcium plays a role in renal cell death and tubular necrosis during the early periods of reoxygenation (19) and calcium channel blockers increase cell viability (20) ; (iv) when (Ca2+)i and hypoxic injury were studied concurrently in the same tubules, the 10-min (Ca2+), increase correlated significantly with subsequent cell damage observed at 20 min (3); and (v) lowering extracellular calcium attenuates proximal tubule cell hypoxic injury as reflected by LDH release (3, 4) .
Calpain is the major cytosolic protease and the only calciumdependent cytosolic protease so far described (21) . Renal brush border membranes are rich in proteases (22) and calpain has been demonstrated in proximal tubules in culture (7) and in both distal and collecting tubules in the rabbit (23, 24) .
The potential role of cysteine proteases in renal tubular injury has been suggested by Wilson and Hartz (7) . In cultured renal tubules, cyclosporine-induced tubule cell death was inhibited by a reduction in extracellular calcium in the medium, suggesting a role for calcium-dependent processes in cyclosporine toxicity. Indeed, calpain activity was increased in tubules exposed acutely to cyclosporine.
On this background, calpain-mediated degradative proteolysis may be an important mechanism contributing to lethal anoxic cell injury. For example, ischemia of hippocampal neurons triggers proteolysis of cytoskeletal spectrin, a preferred substrate of calpain, and inhibition of this proteolysis protects hippocampal neurons from ischemia (25, 26) . pHdependent nonlysosomal proteolysis contributes to lethal anoxic injury of rat hepatocytes (27) . Calcium-dependent nonlysosomal proteases may contribute to cell injury during anoxia in myocardium (28, 29) . However, the role of these proteases, specifically calpain, in hypoxia-induced proximal renal tubular damage has not been studied.
In the present study, lysosomal cathepsin B and L activity was measured in isolated proximal tubules and the medium used for incubation. Cathepsins were not elevated after 15 and 25 min of hypoxia as compared to normoxic controls. These results are in agreement with the following observations that the non-calcium-dependent lysosomal cathepsins do not play a role in lethal injury. These observations are that lysosomes are highly resistant to disruption during lethal injury (30), lysosomal proteolysis is inhibited in lethal anoxic injury of rat hepatocytes (27) , lysosomal proteolysis is suppressed by ATP depletion (31) , and lysosomal cathepsins do not play a role in acute cyclosporine toxicity (7) .
To study the role of calcium-dependent cytosolic cysteine proteases in cell injury, an assay for calpain in freshly isolated rat proximal tubules was then developed. Calpain exists in the cytosol as the inactive proenzyme procalpain, which translocates from the cytosol to the cell membrane in the presence of micromolar levels of calcium. Autocatalytic activation of procalpain to active calpain occurs at the membrane in the presence of physiological levels of calcium and phosphatidylinositol (21, 32) . In the present study, the activation of calpain was calcium dependent, as indicated by the ionomycin studies. Specifically, increasing doses of ionomycin also increased calpain activity in a dose-dependent manner. We then studied calpain activation during hypoxia, as we have previously found that the increase in (Ca2+), precedes the hypoxic damage (3).
We found that calpain activity increased during 20 min of hypoxia; this increase was significant at 7.5 min, a time prior to evidence of plasma membrane damage. These findings suggested that calpain may play a role in hypoxic injury of the rat proximal tubule rather than being the result of the injury.
To further determine whether calpain plays a role in this hypoxic injury, inhibitor studies were undertaken. In the past, specific cysteine protease inhibitor studies were difficult to interpret because the charged protease inhibitors did not penetrate cells. Synthetic uncharged cell-penetrating inhibitors of cysteine proteases have recently been developed and are proving useful in examination of the role of calpain in many cellular processes (18) . In the present study, E-64-d and CBZ, chemically dissimilar, uncharged, specific cysteine protease inhibitors that penetrate cell membranes were used. E-64-d completely inhibited both cathepsin and calpain activity in hypoxic tubules. Normoxic tubules demonstrated significant membrane injury with E-64-d, suggesting that E-64-d has nonspecific effects or that complete inhibition of calpain activity in normoxic tubules is damaging. The possibility that 100% inhibition of calpain may be damaging to normoxic tubules is suggested by the regulatory role of calpain in cytoskeletal or cell membrane modeling during normal cell development (33) . In spite of this deleterious effect in normoxic tubules, E-64-d elicited cytoprotection against both 15 and 25 min of hypoxia. Nevertheless, because of the cytotoxic effects of E-64-d on normoxic tubules, studies were undertaken with CBZ, another cell-permeable cysteine protease inhibitor. CBZ produced minimal inhibition of cathepsins (9-18%) but completely abolished the increase in calpain activity during hypoxia. Moreover, this inhibitor exhibited no deleterious effect on normoxic tubules, thus explaining the more marked cytoprotection against hypoxic plasma membrane damage than was observed with E-64-d.
In summary, in freshly isolated renal proximal tubules, an assay for calpain has been developed and used to show that calpain activity is increased during hypoxia and that an early increase in calpain activity precedes hypoxia-induced cell membrane damage. An important role for calpain as a mediator of proximal tubular hypoxic injury is supported by studies with CBZ, which inhibits the increase in calpain activity during hypoxia and markedly protects against hypoxic tubular damage. The present results thus indicate that, in addition to phospholipases (5) and nitric oxide (34) , calpain also plays a role in hypoxia-induced proximal tubular injury in the rat. It will be interesting to elucidate the cellular targets of these calcium-dependent enzymes during hypoxia.
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